We create atom-molecule dark states in a degenerate Fermi gas of 6 Li in both weakly and strongly interacting regimes using two-photon Raman scattering to couple fermion pairs to bound molecular states in the ground singlet and triplet potential. Near the unitarity point in the BEC-BCS crossover regime, the atom number revival height associated with the dark state abruptly and unexpectedly decreases and remains low for magnetic fields below the Feshbach resonance center at 832.2 G. With a weakly interacting Fermi gas at 0 G we perform precision dark-state spectroscopy of the leastbound vibrational levels of the lowest singlet and triplet potentials. From these spectra, we obtain binding energies of the v = 9, N = 0 level of the a(1 3 Σ + u ) potential and the v = 38, N = 0 level of the X(1 1 Σ + g ) potential with absolute uncertainty as low as 20 kHz. For the triplet potential we resolve the molecular hyperfine structure. [6] . The realization of dark states (DSs) is a crucial step towards the use of the stimulated Raman adiabatic passage to coherently transfer Feshbach molecules (atom pairs in molecular state existing very near the dissociation threshold and responsible for a Feshbach resonance) to a more deeply bound molecular level [7] . Thus far the experimental demonstrations of DSs have been with bosonic species, a notable exception being that of a Bose-Fermi mixture [8] .
We create atom-molecule dark states in a degenerate Fermi gas of 6 Li in both weakly and strongly interacting regimes using two-photon Raman scattering to couple fermion pairs to bound molecular states in the ground singlet and triplet potential. Near the unitarity point in the BEC-BCS crossover regime, the atom number revival height associated with the dark state abruptly and unexpectedly decreases and remains low for magnetic fields below the Feshbach resonance center at 832.2 G. With a weakly interacting Fermi gas at 0 G we perform precision dark-state spectroscopy of the leastbound vibrational levels of the lowest singlet and triplet potentials. From these spectra, we obtain binding energies of the v = 9, N = 0 level of the a( Coherent dark states [1] in ultracold atomic gases lie at the heart of phenomena such as electromagnetically induced transparency [2] , slow light [3] and coherent population transfer [4] ; they are useful for precision spectroscopy of molecular levels [5] , and in recent years such superposition states have been demonstrated in a BoseEinstein condensate (BEC) of atoms coupled to deeply bound molecules [6] . The realization of dark states (DSs) is a crucial step towards the use of the stimulated Raman adiabatic passage to coherently transfer Feshbach molecules (atom pairs in molecular state existing very near the dissociation threshold and responsible for a Feshbach resonance) to a more deeply bound molecular level [7] . Thus far the experimental demonstrations of DSs have been with bosonic species, a notable exception being that of a Bose-Fermi mixture [8] .
Dark states can also be created in Fermi gases [9, 10] , and they have great potential as a probe of many-body physics [9, [11] [12] [13] avoiding the final state effects that complicate the interpretation of rf spectra of many-body pairs [14, 15] . As proposed in the context of 6 Li, molecular dark states can be used for the optical control of magnetic Feshbach resonances (FR) [16, 17] . This method not only suppresses spontaneous scattering but also provides larger tuning of the interactions than a single frequency approach [18, 19] while enabling independent control of the effective range. Creation of a moleculemolecule DS in a molecular BEC (mBEC) may open a new path towards a BEC of ground-state molecules.
In this Letter we report (a) binding energy measurements of the least-bound vibrational states v = 9 and v = 38 of 6 Li 2 in the a(1 3 Σ + u ) and X(1 1 Σ + g ) potentials, respectively, and (b) creation of exotic dark states in the BEC-BCS crossover regime.
Using the dark-state spectroscopy method [5] , we achieve up to a 500-fold improvement in the measurement accuracy of the binding energies of the v = 9 level of the a(1 3 Σ + u ) potential (in comparison to Refs. [20, 21] ), resolve the molecular hyperfine structure of this level and measure the binding energy of the v = 38 level of the
The reported values are field-free extrapolations with overall accuracy as low as 20 kHz and can be used to further refine the molecular potentials of 6 Li.
In the BEC-BCS crossover regime, we verify the persistence of many-body pairing in the presence of dark-state dressing and we observe an unexpected change in the dark-state character in the vicinity of the broad Feshbach resonance at 832.2 G [22] . This unanticipated behavior of the dark state may indicate new physics not previously considered and may impact the feasibility of proposals for optical FR control and dark-state probes of the system. Furthermore, we demonstrate that dark-state spectroscopy enables a general method for determining the closed-channel contribution Z to the wave function of dressed molecules/pairs without relying on the details of the molecular levels involved and present measurements of Z in the BEC-BCS crossover.
We start with 2 × 10 5 6 Li atoms in an incoherent mixture of the two lowest hyperfine states (typically denoted |1 and |2 ) confined in a crossed optical dipole trap (CODT) at T = 25 µK (for details, see Ref. [23] ). The light used to create dark states is derived from two Ti:sapphire lasers phase locked to a fiber-based frequency comb [24] resulting in a relative two-photon linewidth determined by an optical heterodyne measurement of ∆ν < 160 kHz. The average frequency difference of the two laser fields is fixed and determined with an uncertainty below 1 kHz by measuring the repetition rate and offset frequency of the comb to which they are locked [25] . Both beams are overlapped, have the same polarization and spatial mode, and propagate collinearly with the CODT. After the final evaporation the atoms are exposed to the photoassociation light. If a molecule in the excited state is created it either decays into a ground-state molecule or into a pair of free atoms. Both processes lead to the observed loss of atoms from the dipole trap.
Weakly interacting Fermi gas.-After atoms are transferred into the CODT the sample is evaporatively cooled at 300 G to T = 800 nK = 0.6T F , where T F is the Fermi temperature of a one-component Fermi gas [26] . The magnetic field is then turned off and the background magnetic field is compensated to below 20 mG. Typically, 50 × 10 3 atoms remain after the 1 s hold time. The initial unbound two-atom state has a spatially symmetric s-wave scattering wave function (N = 0) and an antisymmetric spin state with f 1 = f 2 = 1/2 and total spin of F = 0. At B = 0, F and m F are good quantum numbers, but to explicitly show the singlet and triplet character of the initial state |i 0 , we follow Ref. [27] and represent it in the molecular basis (|N SIJF ) shown in Fig. 1 , such that |i 0 = 1/3|00000 + 2/3|01110 .
The illumination time and light intensity I 1 of laser L 1 with frequency ν 1 is chosen such that after 1 s L 1 induces a loss of 40%-80% for intensities 100-500 W/cm
2 ) is chosen so that the corresponding Rabi frequency Ω 2 Ω 1 but also low enough (Ω 2 < 1 MHz) to avoid inducing large Autler-Townes splitting of the excited state. The frequency of L 2 , ν 2 is set to match the v = 9 ↔ v = 20 (v = 38 ↔ v = 31) transition between the triplet(singlet) levels using the frequencies initially determined by two-color photoassociation spectroscopy, as in Ref. [28] . The choice of the excited levels is based on empirical evidence that their
Energy levels relevant to the experiments presented here. At B = 0, the initial unbound two-atom state is |i0 = 1/3|00000 + 2/3|01110 , a linear combination of the singlet and triplet states shown lying 2a2S below the 2S 1/2 + 2S 1/2 asymptote. The levels are labeled with the quantum numbers |N SIJF , where N is the molecular rotational angular momentum, S( I) is total electronic (nuclear) spin, J is total angular momentum apart from nuclear spin and F = J + I. Here, Ω1 and Ω2 are Rabi frequencies of transitions driven by the lasers L1 and L2, respectively, and a2S = 152.137 MHz is the atomic magnetic dipole hyperfine constant of 2 2 S 1/2 .
ac Stark shift due to the field from laser L 1 is small in comparison with other levels measured in Refs. [29, 30] . The frequency ν 1 is scanned over a range that induces atom loss due to the single color photoassociation of free atoms to v = 20 or 31 vibrational levels. With L 2 on, dark-state spectra are observed as shown in Fig. 2 . When the two-photon resonance condition is fulfilled an atom-molecule dark state is created and the loss induced by L 1 is almost completely suppressed for all levels but |g 1 = |v = 9, N = 0, F = 1 where the suppression is only partial [ Fig. 2(b) ]. The poor revival is unlikely to result from the finite collisional lifetime of |g 1 as it would have to be unreasonably short, ∼1 µs.
To determine the ac Stark shifts induced by the lasers L 1 , L 2 and the dipole trap, the DS spectra are measured for several dipole trap depths with the control(probe) beam intensity 50(350) W/cm 2 . At the lowest trap depth additional spectra are measured when both the control and the probe beam intensities are varied. A three-level model (as in e.g., Ref. [6] ) is used to fit each data set to extract the two-photon resonance position. The resulting values for each set of beam intensities are used to extract the field-free binding energies.
The dark-state spectroscopy is a differential measurement; therefore only the frequency difference of the lasers L 1 and L 2 needs to be known precisely. The results are summarized in Table I . We note that the molecular hyperfine splittings inferred from Table I differ from theory [31, 32] by more than can be explained by the uncertainties of our measurements. We observe a complete suppression of loss on twophoton resonance even for illumination times close to 2 s. To the best of our knowledge, the longest times reported in experiments with other species rarely exceed a few tens of ms. To create dark states we turn the laser fields on and off in the following order:
off, where the turn on or off times are 1 µs. The turn on or off of L 1 is adiabatic for most of the cases; however,when the turn on or off of L 1 is nonadiabatic, we expect a loss of atoms due to the projection of the initial state onto the bright state. When Ω 2 Ω 1 , this projection loss is 2(Ω 1 /Ω 2 )
2 . The second loss source is due to the projection of the atom-molecule state |AM onto the new bright state |BS
caused by a nonadiabatic phase jumps of the lasers. Here, φ is the new relative phase between two lasers after the jump. If we model the phase jitter of the lasers as producing a nonadiabatic jump of the relative phase by an average φ = π/2 every dephasing time τ ∼ 1/∆ν = 6.2 µs, after 350 ms this projection, for Ω 2 /Ω 1 > 1000, will lead to an atom loss of less than our signal-to-noise value. This simple model significantly underestimates the observed lifetime. BEC-BCS crossover regime.-When the final evaporation is done at magnetic fields close to the broad FR at 832.2 G, pairs form, here referred to as Feshbach molecules below (where a two-body bound state exists) and BCS-like pairs above resonance (where pairing is a many-body phenomenon). In this case, the initial Feshbach-dressed molecule or pair state is |i c =
where the open channel has almost a pure triplet character and is strongly coupled to the closed channel molecular state responsible for the wide FR, |g closed ≡ (2 √ 2|00000 − |00200 )/3, a linear combination of the I = 0 and 2 (v = 38) singlet states [17, 27] . To form dark states, we use the singlet levels |e (v = 31, |00011 ) and |g (v = 37, |00011 ). In the crossover regime the v = 38 singlet level is nearly degenerate with the entrance (open) channel; therefore, another level |g in the X(1 1 Σ + g ) potential is required, here chosen to be v = 37. The apparent binding energy change of v = 37 at nonzero magnetic fields is caused by the shift of the initial free atom state |i c . The observed energy differences between |i c and |g are summarized in Table II .
Evaporation below 832.2 G results in a mBEC. For intensities I 1 = 0.045-10 kW/cm 2 and I 2 = 0.040-0.3 kW/cm 2 , and illumination times 5 µs to 100 ms (short times correspond to large I 1 ) we observe dark-state features that show only partial loss suppression on the twophoton resonance (Fig. 3(top) ). Both Ω 1 and Ω 2 as well as the exposure time have been varied over a range where a full revival is expected. Nevertheless, we always observe revival heights below 50%, even for temperatures above the mBEC critical temperature.
When a degenerate Fermi gas is prepared above the resonance such that there are BCS-like pairs present, we observe DS features corresponding to a coherent superposition of these pairs and molecules in the |g level of the singlet potential [ Fig. 3(top) ]. In order to confirm that these dark states can be created without disrupting the many-body pairing physics, the frequencies ν 1 and ν 2 are set to match the two-photon resonance condition where negligible dark-state tuning of the scattering length is expected and rf spectroscopy with 200 ms long rf pulses is performed, revealing a spectrum consistent with the presence of pairing [14, 23] . Here, Ω 1 /2π = 5 kHz and Ω 2 /Ω 1 ∼ 1000; thus, the BCS-like pairs were only weakly dressed with the |g level, and the many-body interactions were, thus, negligibly perturbed.
The revival height on the two-photon resonance is studied in the crossover regime using an exposure time of 40 µs. Figure 3(top) shows that the revival height changes abruptly for fields below 829 G. This change, coincidentally, occurs at magnetic fields where the twobody bound state is present. However, we observe a near full revival also below the Feshbach resonance cen- ) ground-state potential (|g ). For magnetic fields above 829 G we observe near complete revival on the two-photon resonance. Insets: spectra at selected magnetic fields. (bottom) Full circles represent the probability Z of the dressed molecule to be in the closed channel. Squares (red) show Z measured in Ref. [33] where the excited state |e is v = 68 [A(
. Dash-dotted line shows theoretical prediction for Z taken from Ref. [34] . The gray region corresponds to kF |a| > 1. For these data, T /TF = 0.4 ± 0.15, EF /h = 11 kHz, Ω1 = 200 kHz, and Ω2 2 MHz.
ter at 832.2 G [22] . This abrupt change in the revival height was unexpected, and we, therefore, independently checked that Ω 1 is continuous in this regime by performing single-color photoassociation of |i c to |e . Only the I = 0 part of the closed channel contributes to photoassociation to |e ; therefore
We determine Ω 0 experimentally from a fit of the measured dark-state spectra at B = 0 shown in Fig. 2(d) . In that spectra, Ω 0 plays the role of the bound-to-bound coupling Ω 2 . We observe that Z ≡ (9/8) (Ω 1 /Ω 0 )
2
[shown in Fig. 3(bottom) ] is continuous in the region where the dark-state revival changes abruptly. Our observations are consistent with those reported in Ref. [33] ; however, our determination of Z does not rely on the calculation of Ω 0 and, thus, is independent of a theoretical model for the molecular potentials.
In summary, we have demonstrated dark states in degenerate gases of 6 Li and used them to measure the binding energy of the least-bound vibrational levels in the a(1 3 Σ + u ) and X(1 1 Σ + g ) potentials with accuracy up to 500 times better than previous measurements [20, 21] . Using Ω 2 extracted from the field-free measurements of the v = 38 level we directly measure the closed channel contribution to the dressed molecules or pairs near the broad FR, a method that is independent of the details of the molecular potentials involved. In addition, we observe that under certain conditions the dark-state lifetime, as determined by the revival peak, can far exceed the two-photon coherence time of the lasers producing it. Finally, our measurements show an unexpected, abrupt change in the revival height of the dark-state features in the BEC-BCS crossover.
